Introduction

Epidemiology
Currently, more than 350 million people are chronically infected with hepatitis B (HBV) [1] . In recognition of the large global burden of disease, the World Health Organization established the Global Hepatitis Programme in 2010 [2] .
Prevalence rates are highest in Central and Southeast Asia including China, central areas of South America and sub-Saharan Africa, where most transmission is perinatal [1, 3] . Approximately 686,000 deaths annually are due to HBV [4] . Hepatitis B causes over half of all primary liver cancers in Africa, China and Southeast Asia [5] . The majority of chronic hepatitis B (CHB) cases are HBeAg-positive, although a growing proportion is HBeAg-negative, making up 15% of patients in Asia and the Pacific, and one-third of patients in the Mediterranean [5, 6] .
Between 5% and 20% of HBV carriers are co-infected with hepatitis C (HCV) [7] , and 10-25% of HIV-positive people are co-infected with HBV [8] . Co-infection with HCV is associated with increased risks of liver cirrhosis and hepatocellular carcinoma (HCC) [7] . Co-infection with HIV leads to higher levels of HBV viraemia, increased risk of progression from acute to chronic HBV infection, and higher rates of cirrhosis and HCC [6, 8] .
Treatment guidelines
Current guidelines outline three different approaches to treatment: finite-duration treatment with pegylated interferon or nucleos(t)ide analogue (NA), or long-term treatment with NAs. Monotherapy with either entecavir (ETV) or tenofovir disoproxil fumarate (TDF) is recommended as first-line treatment in international treatment guidelines, including new WHO guidelines published in March 2015 [6, [9] [10] [11] . The UK's National Institute for Health and Care Excellence (NICE) recommends initial treatment with peginterferon alpha-2a before offering entecavir or TDF monotherapy [12] . Both entecavir and TDF are highly effective and pose high genetic barriers to resistance, with <1.2% and 0% resistance, respectively, at 5 years [6] . Entecavir has a low risk of adverse effects [9] , while TDF poses some risk in terms of nephrotoxicity, and decreases in bone mineral density in HIV-positive patients [6, 9] and in selected HBV mono-infected patients [13] . Entecavir is not recommended in patients previously exposed to lamivudine [6, 9] , as lamivudine resistance reduces the genetic barrier to resistance to entecavir [14] . In these patients, treatment with TDF is indicated instead. Entecavir is listed by the US Food and Drug Administration (FDA) as a pregnancy Category C drug (evidence for teratogenicity in animals, no trials in humans). TDF is listed as Category B (no evidence for teratogenicity in animals, no trials in humans) [6] . TDF would thus be preferred in treating pregnant patients. However, a recent, large randomised trial has found that a TDF-based antiretroviral therapy administered to HIV-positive mothers resulted in more deaths of infants within 2 weeks of birth than a zidovudine-based regimen [15] .
Adefovir and lamivudine are less effective than TDF or entecavir, and associated with higher rates of resistance, and are thus less recommended as first-line treatments in adults [6, 9, 10] . In addition, adefovir shows a significant level of nephrotoxicity [9, 16] . In the UK, NICE guidelines do not recommend the use of adefovir in the treatment of CHB in adults [12] . Emtricitabine has efficacy against HBV, but has a similar resistance profile to lamivudine, and is not recommended as monotherapy for CHB [6, 9, 10, 12] . Pegylated interferon alpha-2b is not approved for CHB treatment in the US [9] , most European countries [6] or most Asian countries [10] .
In HBV/HIV coinfection, treating both infections concurrently is recommended [6] . A combination of TDF with one of emtricitabine, lamivudine or other antiretrovirals is recommended as treatment against both infections [6, 9] . Entecavir can be used as an alternative to suppress HBV if antiretrovirals are provided separately [17] . However, entecavir without suppressive alternative nucleoside analogues may lead to nucleoside mutations in HIV [18] , as may TDF monotherapy. HIV tests are therefore necessary before initiation of entecavir and/or TDF treatment.
Treatment of HBV with potent NAs results in a reduction in the incidence of HCC [19] .
Number on treatment
Treatment with recommended NAs is unavailable to the majority of patients in developing countries, often due to the current high price of therapy [3, 20, 21] . Approximately 40% of those diagnosed with CHB in Europe are not on treatment [22] . In Greece, it is estimated that only 34% of people diagnosed with CHB are on treatment [23] , in Australia, this figure is 9% [24] , and in the US, it is between 8% and 13% [25] . One study found that only 18% of those on treatment for CHB in the UK were receiving the recommended therapies [26] .
In countries where health systems in general reach a smaller proportion of the population, the proportion of those with CHB receiving treatment may be lower. The proportion receiving the newest, recommended treatments is likely to be lower still.
Patent status and prices Table 1 gives an overview of patent status and prices for drugs used in the treatment of HBV. Entecavir and adefovir are now off patent in the US, and lamivudine is off patent both in the US and the European Union (EU). Of the newer NAs, entecavir is the most expensive both in the US -a developed country with historically high drug prices -and globally. For all five drugs, a large difference between originator and generic prices can be seen, for example $15,111 versus $427 for entecavir and $10,718 versus $38 for tenofovir. The lowest generic price for entecavir ($427) is noticeably higher than those for lamivudine ($10), emtricitabine ($62) and TDF ($38), a result of the fact that the other drugs have been in use for longer, have multiple generic manufacturers, and are used in first-line treatment of HIV and thus under great demand from international agencies.
A recent study on the minimum target prices of directly acting antiretrovirals (DAAs) in hepatitis C (HCV) therapy estimated the potential costs of manufacture for the treatment of millions (i.e. 1-5 million) of patients per year to be hundreds of times lower than the current retail prices, for example $68-136 for the manufacture of sofosbuvir, compared with a price of $84,000 in the US. This highlights the potential for widespread generic production to enable scale-up of global HCV treatment [27] .
Entecavir (Baraclude) was developed by Bristol-Myers Squibb (BMS), with total sales of more than US$6 billion in the decade since its launch [28] [29] [30] . At an approximate price of $15,000/patient-year in the US, however, this represents only 400,000 patient-years of treatment. This statement is not to dispute the logic of originator drug pricing, but it does serve to highlight the differences in approach between providing patented drug treatments for high-income populations versus providing mass treatment of generic drugs for low-and middle-income countries.
This paper analyses the global prices of entecavir, estimates its potential cost of manufacture for several million patient-years of treatment, and proposes mechanisms to expand the treatment of CHB globally.
Methods
Efficacy of entecavir
Clinical trials were identified in PubMed using the search term 'entecavir OR baraclude' and filters 'Clinical Trial' and 'Humans'. This returned 171 results on 11 January 2015. Studies were assessed for design type and interventions used. The summary of product characteristics (SmPC) [31] and package insert for entecavir [32] were also reviewed.
Calculation of treatment cost
We estimated a reasonable market demand for generic entecavir to provide incentive for effective competition to reach low production costs: a mass of 2 tonnes of the active pharmaceutical ingredient (API) per year was assumed. This figure was established in iterative discussions with API suppliers as a 'reasonable figure' to capture some economies of scale in API production. For finished pharmaceutical production (FPP), this represents roughly 4 billion tablets, which would allow for optimised production pricing. Except in patients with suspected resistance, the once-daily dose of entecavir is 0.5 mg, which would require 0.18 g of drug per person per year. Therefore, 2 tonnes of entecavir would be sufficient to treat 11 million people per year, which is less than 5% of those living with CHB globally [1] . Current entecavir API producers were identified online and surveyed by email for pricing quotes at a volume of 2000 kg. Twenty companies were surveyed, representing a mix of generic producers with or without Stringent Regulatory Authority (SRA) approvals for entecavir or other drugs. There was no strong correlation between quoted pricing and SRA approvals. Companies did offer that SRA-approved material would cost between 20% and 45% more than non-SRA API.
To calculate a target price for entecavir, we estimated the cost of the API, excipients, tableting, shipping and packaging. We calculate the cost of production based on these estimates, and add a 50% mark-up to give a realistic target price. We use upper estimates throughout and assume relatively inefficient manufacture and logistics to provide a conservative estimate of the cost of entecavir production.
Patent coverage
To analyse entecavir patent coverage, relevant patents were identified, and relevant legal cases were reviewed. The lowest prices of entecavir were identified in nine countries, using published figures for government procurement where possible, as well as online price comparison tools and personal communications with global pharmaceutical pricing experts. Lowest prices for these drugs in the US were gathered from online price comparison tools. References for entecavir prices in different countries are provided in Appendix 1.
Prices for generic TDF, lamivudine, adefovir and emtricitabine were collected from prices published in the World Health Organization's Global Price Reporting Mechanism (GPRM) [33] for SRA-approved products. We also reviewed prices reported by the Clinton Health Access Initiative (CHAI) [34] and Médecins Sans Frontières (MSF) [35] . Figures reported by CHAI represent ORIGINAL RESEARCH maximum 'ceiling' prices that manufacturers may charge governments of countries in the CHAI Procurement Consortium [34] . Prices in the Médecins Sans Frontières (MSF) Untangling The Web report originate from surveys sent to the manufacturers by MSF. GPRM lists prices of medicines derived from completed purchases reported by agencies such as the Global Fund, PEPFAR, UNITAID and others. Prices listed as lowest global prices in Table 1 are prices reported by GPRM, as these represent 'real-world' values, that is minimum prices of completed transactions in 2014
Results
Efficacy in randomised trials
Entecavir showed significantly higher rates of viral suppression than lamivudine (3TC) in both HBeAg-positive and HBeAg-negative patients, in two randomised trials (Table 2) . Only one trial directly comparing entecavir to TDF was found, the results of which were not statistically significant [36] . Other studies were identified, but were excluded due to having a retrospective, non-randomised or open-label study design, or for not being direct comparator studies. The ClinicalTrials.gov database lists one ongoing trial in which TDF and entecavir are directly compared; however, this study is focused on renal function and is of an open-label, case-control design [37] .
The European SmPC and the package insert for TDF cite studies comparing TDF with adefovir, but do not include direct comparisons of TDF with either entecavir or lamivudine monotherapies [38, 39] .
Chemical structure and cost of manufacture Entecavir is a guanosine nucleoside analogue. Its full chemical name is 2-amino-1,9-dihydro-9-[(1S,3R,4S)-4-hydroxy-3-(hydroxymethyl)-2-methylenecyclopentyl]-6H-purin-6-one monohydrate, and its molecular weight is 295.3. The structure of entecavir is shown in Figure 1 . There are three chiral centres in the structure and entecavir is synthesised as the 1S, 3R, 4S
enantiomer [32] . The chemical structure of entecavir is related to the nucleoside analogue abacavir, which is sold as an FPP for under $200/person-year in low-income countries [33] [34] [35] . Both structures contain 5-membered carbocycles substituted with a hydroxymethyl group in position 3 and a purine analogue heterocycle. Entecavir is made by a substantially different, and more expensive, chemical synthesis than traditional nucleosides and abacavir. However, the dose used is very low (0.5 mg), providing an opportunity for large-scale treatment at low cost.
A flowchart displaying the calculations and assumptions is given in Figure 2 , and described below. The standard daily dose for entecavir is 0.5 mg. Thus, the volume of API required is 0.1825 grams per patient-year. At a volume demand of 2 tonnes/year, generic manufacturers of the API estimated charges of $11,000≤22,000/kg. The API manufacturers interviewed were a mix of those with and without SRA-approved production; there was no strong correlation between prices quoted and SRA approvals. Companies who were specifically questioned offered that SRA-approved pricing would be about 20-45% higher than for non-SRA approved API. Pricing at $11,000-22,000/kg 
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results in the cost of API being $0.0055-0.011 per tablet at the standard 0.5 mg dose. We assumed the cost of the API to be the higher extreme of this range ($22,000/kg).
Typical excipients used in entecavir tablets include povidone, crospovidone, lactose monohydrate, magnesium stearate and microcrystalline cellulose [32] . Of these, the most expensive by far is povidone, which costs $11.70-15.27 per kilogram. Commercial Baraclude tablets weigh 205 mg and contain approximately 60% (120.5 mg) lactose monohydrate and 32% (65 mg) microcrystalline cellulose [40] . The typical tablet is likely to contain a maximum of 15% povidone as a solubility enhancing agent [41] . We have used cost figures for the prices of excipients to estimate a reasonable maximum excipient cost of $0.0008 per tablet. The combined cost of API and excipient comes to $0.012 per tablet.
We assume the cost of tableting (combining ingredients, pressing pills and quality control) to be about $0.04 per tablet. Thus, our conservative estimate of the price of API, excipient, coating and tableting is $0.052 per tablet. For comparison, generic placebo tablets, which contain all the excipients of an active tablet, are generally listed at values between $0.01 and $0.05. A personal interview with the Director of generic product development at a large pharmaceutical company suggests that typical tablet production costs (including excipients) are between $0.01 and $0.03/tablet; informal feedback from Supply Chain Management Systems (Arlington, VA) is that tablets typically cost about $0.03 to manufacture for the PEPFAR programme. These costs include the price of excipients but not of API.
The larger component of the cost of treatment with entecavir is primary and secondary packaging and distribution. We assume a full (primary and secondary) packaging cost of $1.00/bottle, with 30 dosage units (1 month's supply) in each bottle. Allowing $0.33 for packaging and distribution per bottle, our final estimate for the cost of delivering generic entecavir treatment is $2/month, or $24/person-year. Adding a 50% profit margin gives a target price of $36/person-year.
The cost of the active pharmaceutical ingredient is about $2≤4/year. We used the higher estimate for API cost, and at $4 this represents 11% of our target price. Packaging, shipping and mark-up represent 48% of our target price.
The current lowest price for TDF API is $220 per kilogram [42] . The amount of API needed ($0.066 for a 300 mg dose) therefore costs six times more than the API needed for entecavir ($0.011 for a 0.5 mg dose). Table 3 shows patent numbers and expiry dates in selected countries. The basic patents on entecavir were filed in 1990 and 1991. The basic patent for entecavir in the US was invalidated in 2014 (Appendix 2). In China and Brazil, the basic patents expired in 2011 (Appendix 2). In Europe, having received a Supplementary Protection Certificate of 5 years, and a 6-month extension for paediatric indication, patents on entecavir will expire in 2017. In some cases, confirmation of these extensions is pending (Appendix 2). In all these countries, there are a number of formulation patents in force.
Patent expiry
A number of generics companies produce entecavir. TEVA sells generic entecavir in the US [43] . Cipla, Zydus and Ranbaxy manufacture versions in India [44] . TEVA is SRA-approved while Cipla, Zydus, and Ranbaxy have applied for SRA approvals. Several manufacturers produce generic entecavir in China [45, 46] . While the basic patent for entecavir has lapsed in South Africa, Doctors Without Borders has reported that generic entecavir is not being produced or imported due to fears that the originator company will rapidly take out 'evergreening' patents, benefiting from South Africa's system of granting patents [47] . It is unclear whether generic competition exists in Brazil. All entecavir bought by the Ministry of Health in Brazil has been supplied by a subsidiary of Bristol-Myers Squibb (Appendix 1).
Patent protection for TDF expires in 2018 in the US and the EU [48] (Table 1 ). Many key patent applications for tenofovir (in its various forms) have been rejected by the Indian patent office, and generic production began there in 2005 [49] . While some patent applications are still pending in India, Gilead Sciences signed a voluntary license (VL) agreement with the Medicines Patent Pool in 2006, allowing generic production of TDF by Indian companies irrespective of patent applications for the treatment of HIV and HBV [49, 50] . However, this licence is limited to Indian generic manufacturers, and disallows export to many middle-income countries with large HIV and HBV ORIGINAL RESEARCH epidemics, such as China, Brazil, Russia, Egypt and Ukraine [50] . Despite a disputed patent application on TDF in Brazil, the government has announced that generic TDF will be produced locally [49] . Following negotiations for discounts, one of the patents for TDF was revoked in China in 2013 [51] .
Basic patent protection for lamivudine expired in 2010 in the US, Europe [48] and China [35] , and WHO-prequalified or SRA-approved lamivudine is available at very low cost from Indian generic producers (Table 1 ) [35] . GlaxoSmithKline held an additional patent for use in CHB treatment, which expired in 2014 in the US [52] and 2012 in the EU [53] .
Current prices
As shown in Figure 3 , entecavir is bought at a wide range of prices worldwide, with the generic version in India sold for less than 3% of the price of the originator drug in the US, and less than 7% of the price of the generic sold in US pharmacies (NB the generic versions of entecavir sold in India are not approved by SRA, nor are they WHO-prequalified, although their manufacturers have been approved nationally according to WHO Good Manufacturing Practice guidelines). In the UK, France and Spain, where the drug is under patent until early 2017, prices are similar at around US$7,000/patient per year -slightly less than half the price in the US. The prices of the originator drug offered to India, Russia and Brazil are similar. The price of generic entecavir in China is similar to the prices of the originator drug in India, Russia and Brazil.
The lowest prices for originator and generic TDF and lamivudine, in the US and globally, are far lower than the cheapest prices for entecavir. Originator TDF costs $10,718 in the United Statesroughly two-thirds of the price of originator entecavir ( Table 1) . The lowest global price for a completed sale of generic, SRA-approved TDF is $38 per person-year. In the US, originator lamivudine costs $2,627 while generic lamivudine is $1,047; however, the global cheapest is $10/person-year (WHO prequalified). The global lowest prices of TDF and lamivudine are also significantly lower than previous independent estimates for lowest price based on analysis of production costs [27] . These prices, however, have in many cases been negotiated for the procurement of the drug for only HIV treatment.
Discussion
Hepatitis B infection leads to approximately 686,000 deaths per year. This life-threatening viral infection could be controlled using entecavir treatment costing $36/person-year. This conservatively estimated target price of $36 is far below the $15,111 that is charged for the originator version in the US and the more than $6,000 charged for originator versions in Europe and Teva's generic version in the US.
At this price, entecavir would be the cheapest recommended first-line monotherapy for treating chronic hepatitis B, achieving prices below those of TDF. Entecavir priced at $36/patient-year could allow expansion of chronic hepatitis B treatment in lowand middle-income countries, avoiding significant numbers of cases of cirrhosis and/or primary liver cancer, and yielding massive savings in high-income countries.
We have estimated the target price conservatively, including a generous 50% profit margin on top of total production and shipping costs. Generic production at this price would thus be highly sustainable, and attract competitors. While 2 tonnes/year of entecavir does not sound like a large volume, it is clear from our discussions with API suppliers that there will be fierce competition in such a market. The reason for this is simple: 2 tonnes of entecavir at $22,000/kg represents US$44 million in annual API sales. By comparison, at an API price of approximately $220/kg, API producers would have to sell 200 tonnes of TDF API in order to achieve the same revenue. At $22,000/kg the margin per kg on entecavir API sales will also be vastly larger than for TDF. There is the potential for entecavir to be priced below $36/person-year, if lower profit margins were accepted by generic companies.
If sold at or near the target price, entecavir would be cheaper than the cheapest versions of TDF, its therapeutic alternative. The global minimum price for TDF is reported variously in different resources. The WHO Global Price Reporting Mechanism (GPRM) reports a minimum price of TDF of $38 in 2014, and a median (of transactions with medical aid agencies) of $46 [33] . The CHAI Antiretroviral ceiling prices list sets a ceiling of $54 for TDF [34] .
It is also important to note the differences in logistical requirements between TDF and entecavir. Because of the large difference in dose (300 mg for TDF; 0.5 mg for entecavir), for every tonne of entecavir API produced by a manufacturer, 600 tonnes of TDF API would need to be produced for the same number of patient-years of treatment. Besides logistical differences, the active pharmaceutical ingredients used in entecavir and TDF, at standard doses, differ by a factor of six -$0.011 per pill for entecavir, and $0.066 for TDF [42] . The differences in API cost and dosage underline the potential for competitive production of entecavir achieving lower prices per patient than TDF.
Current prices for generic entecavir (Figure 3 ), while far lower than originator prices, are still significantly higher than our estimate. The global lowest price of entecavir is $427/patient-year from a producer who is not SRA-approved at this time. In the US, the difference between lowest generic price and the target price is even more dramatic. This price disparity between target generic price and observed current generic prices may be explained by a self-perpetuating cycle between the high price and usage: high prices lead to entecavir being used at relatively low volumes, and these low volumes make demand appear to be low, leading to insufficient generic competition. At the same time, this may simply reflect a lack in efforts by buyers (such as national healthcare systems, bulk purchasers) to negotiate lower prices. These processes are clearly counterproductive to the recommendations of guidelines for use of entecavir as a first-line monotherapy for chronic hepatitis B [6, 10] . Increasing the number of patients treated with entecavir rather than other drugs is both recommended by guidelines, and will allow further reduction in price by increasing purchase volumes.
Besides making widespread treatment possible with the recommended therapies, production of affordable entecavir would allow a two-pronged approach to eradication of hepatitis B globally. While vaccine use has been expanded dramatically [54] with considerable effects in curbing HBV, treatment for the over 350 million who are chronically infected could prevent the onward transmission of the virus.
There are significant rates of co-infection with HCV and HIV, and there is the potential for resistance of one virus to drugs being used to treat another. Therefore combined testing for HBV, HCV and HIV should be strongly encouraged to optimise selection of treatment.
Lastly, affordable entecavir would provide a second-line treatment for those patients experiencing the toxicity-associated side effects of TDF such as nephrotoxicity and effects on bone density [6, 9, 13] .
The cost of manufacturing entecavir is clearly not linked to current prices. The cost of patented medicines in high-income countries is hypothetically reflective of three considerations: (1) the inherent value of treatment; (2) consideration granted for the investment in bringing a new product(s) to the market; and (3) incentive to reward innovation. With this paper, we are not entering into a discussion of what entecavir or other treatments under patent should cost in high-income countries. However, many people, even in high-income countries, do not receive the current standard of treatment, or in fact, any treatment at all for hepatitis B. The Global Fund, UNICEF, PEPFAR and other NGOs target making medicines accessible to patients in low-to middleincome countries. As NGOs consider the opportunity to scale up treatment of hepatitis B in low-to middle-income countries, it is of value to the broader community to understand the potential minimum cost of large-scale treatment for CHB using standardof-care treatments.
We are estimating the potential cost for accessing treatment for several million patients per year from generic suppliers in a competitive market. This is a much larger scale of treatment than currently exists worldwide. It is highly unlikely that the originator's cost of manufacturing entecavir even approaches our estimated potential cost of treatment, given that the number of patients on treatment and volume demand is much lower than for our estimates. We do, however, believe that our analysis suggests that large-scale treatment can potentially be accessed for considerably less than the lowest current pricing for generic access.
In conclusion, encouraging widespread competitive generic production of entecavir would allow dramatic price reductions and rapid scale-up of HBV treatment globally, with a well-tolerated regimen that has a high barrier to resistance.
